In elderly populations, frailty is associated with higher mortality risk. Although many frailty scores (FS) have been proposed, no single score is considered the gold standard. We aimed to evaluate the agreement between a wide range of FS in the English Longitudinal Study of Ageing (ELSA). Through a literature search, we identified 35 FS that could be calculated in ELSA wave 2 (2004-2005). We examined agreement between each frailty score and the mean of 35 FS, using a modified Bland-Altman model and Cohen's kappa (κ). Missing data were imputed. Data from 5,377 participants (ages ≥60 years) were analyzed (44.7% men, 55.3% women). FS showed widely differing degrees of agreement with the mean of all scores and between each pair of scores. Frailty classification also showed a very wide range of agreement (Cohen's κ = 0.10-0.83). Agreement was highest among "accumulation of deficits"-type FS, while accuracy was highest for multidimensional FS. There is marked heterogeneity in the degree to which various FS estimate frailty and in the identification of particular individuals as frail. Different FS are based on different concepts of frailty, and most pairs cannot be assumed to be interchangeable. Research results based on different FS cannot be compared or pooled.
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Vulnerable elderly individuals are increasingly described in the literature as being frail-that is, having a decreased ability to recover from an adverse event (1) . Three main approaches have been used to conceptually define frailty.
The first approach is the "phenotype of frailty" (2) , which is a physiological model focused mainly on physical frailty and which describes frailty as a phenomenon of "weakness, decreased endurance and slow performance" (2, p. 154 ). This approach regards frailty as separate from disability and comorbidity. The operational definition of this approach defines frailty as the presence of at least 3 out of 5 criteria (prefrailty: 1 or 2 criteria). The second approach is "accumulation of deficits" (3) , which is based on the accumulation of conditions or disabilities, emphasizing the number rather than the nature of deficits. The operational definition of this approach defines frailty with at least 30 variables (4) and includes disability and comorbidity (5) . The third approach is the "multidimensional model" (6) , which defines frailty as a dynamic state of loss affecting 1 or more areas of functioning, such as the cognitive, physical, and social domains. Finally, some frailty scores (FS) have been operationalized mainly as the presence of disability.
Frailty is associated with a higher risk of mortality, disability, falls, fractures, hospitalization, and institutionalization (7, 8) . Some evidence indicates that exercise, caloric and protein support, vitamin D supplementation, and reduction of polypharmacy can be effective in preventing the progression of frailty and the occurrence of its adverse outcomes (9) . Consequently, it is important to identify frail individuals and persons at risk at an early stage (7) . However, it remains unclear which tool is best suited for this purpose.
The ability of FS to accurately produce stable and reproducible results has been partially studied (10) . In a systematic review of FS, Bouillon et al. (11) found that 7 out of 27 scores had been assessed for both reliability and concurrent or predictive validity. In a recent study that assessed the validity and reproducibility of 8 commonly used FS in an elderly European general population, Theou et al. (12) found that the prevalence of frailty varied from 6.1% to 43.9%; across all 8 scales, 49 .3% of participants were classified as nonfrail and 2.4% were classified as frail. The authors concluded that FS have significant differences regarding validity, feasibility, and predictive ability (12) .
The absence of consensus on how to conceptually define frailty and the resulting plethora of scales and scores currently hampers both research in the field and implementation of frailty assessment in clinical practice. In order to enable comparison of studies of frailty performed with different FS and to facilitate the choice of FS for future studies, it is essential to quantify the degree of agreement between scores and to understand the sources of disagreement.
Based on the hypothesis that different FS may classify different subsets of a population as frail, we set out to study the agreement between a wide set of FS in a well-characterized cohort of elderly people: participants in the English Longitudinal Study of Ageing (ELSA).
METHODS

Study population/design
ELSA is an ongoing cohort study based on a large, nationally representative sample of the middle-aged and elderly (ages ≥50 years) English population. Information about participants (13) . ELSA data were accessed via the UK Data Service.
We carried out a cross-sectional analysis of data from wave 2 (2004-2005) of ELSA, as this was the first wave in which a comprehensive assessment of frailty indicators was performed.
Since not all frailty-related variables were measured in participants under age 60 years, we restricted our analyses to those aged 60 years or more. ." Abstracts were checked for the publication of an original frailty score. Furthermore, FS were identified on the basis of references from recent review articles (11, (14) (15) (16) . Published FS were selected for inclusion if at least 80% of the component variables were available in ELSA wave 2. If information on 1 or more underlying variables (maximally 20%) comprising a score was unobtainable from the data, the frailty score was calculated based on the available variables and the total score and the cutoff were refitted to the actual number of variables (17) . Variables for which data were unavailable due to the ELSA study design were not imputed.
FS were calculated while trying to be faithful to the original scores. However, it was necessary to tailor some variables to the data. For some FS, this adaptation was based on previous publications (12) . FS vary in yielding continuous, categorical, or binary outputs, each with different ranges. Each score was rescaled to the interval 0-1 by dividing the original score output by the highest possible value for each score. Some scores were additionally inverted ((rescaled score × −1) + 1) to conform to our definition of 0 representing the absence of frailty and 1 representing its presence.
Missing data
If data from an available underlying variable in ELSA were missing for some participants, multiple imputation was applied (18) . The amount of missing data varied from 0.04% to 24.7%.
The maximum percentage of missing data was used to decide how many imputations to perform (19) . Therefore, we imputed 30 times, using chained equations (the "mice" package in R (20) ). To obtain optimally plausible values for the scores, we applied imputation to the original underlying variables and calculated FS a posteriori using imputed values.
All statistical analyses were performed on the 30 imputed data sets, and resulting estimates were pooled according to the Rubin rules (18, 21) . All results presented in this paper were obtained on the basis of the multiple imputation procedure described above. 
Statistical analyses
The prevalence of frailty was calculated for each frailty score prior to rescaling using the original, published cutoff points. To enable comparisons between scores, we calculated the mean value, median value, and standard deviation and all further analyses on the rescaled scores in the total population and also stratified by sex, age, and smoking status.
Agreement was analyzed using 3 parallel methods:
1. The modified Bland-Altman model (22) . In the absence of an external gold standard for frailty, we chose the mean of the 35 analyzed FS (M35FS) as a global estimate of "true frailty." The error (the difference between each score and the M35FS) was plotted on the y-axis against the M35FS on the x-axis. Linear regression was used to calculate the dependence of each score's error (over-or underestimation) on the severity of frailty, as well as to calculate its limits of agreement. The degree of under-/overestimation was estimated at the median of the M35FS (model A). 2. Traditional pairwise Bland-Altman models. Traditional pairwise Bland-Altman models were built comparing all 595 possible pairs of FS. The error (the difference between each score and the mean of the 2 compared FS) was plotted on the y-axis against a rough estimate of the "true frailty," defined as the mean of the 2 FS, on the x-axis. The width of prediction intervals and the absolute error (calculated at the median point on the x-axis) were analyzed (model B). 3. Cohen's kappa (κ). In order to enable comparisons across all 595 possible pairs of 35 FS in spite of different underlying concepts of frailty, different cutoff points, and the absence of a published cutoff point in some cases, we also calculated κ applying an arbitrary cutoff across all scores (defining the highest 20% of scores as "frail"). In cases where a score category straddled the 20% cutoff level, κ was calculated using a 20-bootstrap resample procedure, which classified participants from the straddling category randomly as frail/nonfrail in the proportion necessary to achieve an overall 20% prevalence of frailty. We calculated 95% confidence intervals for κ on the basis of Rubin's method for covariance and confidence interval calculation in imputed data. The mean within-imputation variance, the between-imputations variance, the total variance, and finally the confidence intervals were calculated (21).
FS were grouped into 4 main operationalization models: "phenotype of frailty" for scores based mainly on physical functioning variables; "accumulation of deficits" for scores based on various domains and at least 30 variables; "multidimensional model" for scores that analyzed at least 3 domains of functioning and included fewer than 30 variables; and "disability model" for scores based mainly on disability variables. FS were also grouped according to the stated target population: community-dwelling or clinical setting. In addition, to assess agreement with regard to a binary or categorical definition of frailty, κ was calculated for pairs of FS with a published cutoff level (29 out of 35 FS). Table 2 shows details of all variables for the 35 FS and their adapted version in the ELSA data set. Table 1 presents the general characteristics of the study population by sex. Table 2 presents the characteristics of the 35 FS that were analyzed in this study (2, 4, . The frailty score with the highest proportion of individual-level missing values was the 70-item Frailty Index (40.5%), while the lowest proportions of missing values (0.1%) were observed for "WHOAFC and self-reported health" and the Vulnerable Elders Survey. Most of the scores (29 of 35) had published cutoffs to define frailty.
Prevalence as defined by the published cutoffs varied considerably. The mean prevalence of frailty was 23.1% (standard deviation, 19.7) for men (range, 0.8-65.0) and 28.9% (standard deviation, 21.9) for women (range, 1.0-72.4) ( Table 3) . Table 4 shows the mean frailty score values after rescaling to the 0-1 range in the whole population globally, as well as stratified by sex, age, and smoking status. Across FS, women, older participants, and smokers/former smokers were frailer than men, younger participants, and never smokers, respectively. Table 5 displays the median κ values. It also shows the median prediction interval widths and absolute error of under-/ overestimation in analyses based on model A and model B.
Some FS show over-or underestimation, which can be seen when the regression line deviates from 0 at the median point of frailty (0.18) (Web Figure 1) . The degree of over-or underestimation can vary according to frailty level. Some scores show wider prediction intervals than others. On the right side of each Bland-Altman plot, a density plot displays the distribution of the error.
The FS that showed the narrowest prediction interval widths were the 40-item Frailty Index with model A and the Comprehensive Geriatric Assessment with model B. Both FS belong to the "accumulation of deficits" model category. Figure 1 shows a heat map of κ values for all 595 pairs of scores. The scores are grouped by frailty model category and then sorted by each score's median κ within each category. The highest κ value was observed for the Evaluative Frailty Index for Physical Activity (Table 5 and Figure 1) . κ values ranged from 0.10 to 0.83 and were ≥0.80 for 0.8% of pairs, ≥0.60 and <0.80 for 10.4% of pairs, ≥0.40 and <0.60 for 35.3% of pairs, ≥0.20 and <0.40 for 45.9% of pairs, and <0.20 for 7.6% of pairs (details of estimates and 95% confidence intervals are shown in Web Table 3 ). For the 29 FS that had a published cutoff point, additional results with κ calculated using these cutoffs are shown in Web Table 4 .
Prediction interval widths obtained with model B are plotted as a heat map in Figure 2 , grouped by frailty model category. The narrowest median prediction interval was found for the 40-item Frailty Index with model A (Table 5 ) and the a Bland-Altman analysis with x-axis equal to the M35FS and y-axis equal to the difference between each score and M35FS; absolute error was calculated at the median value of the M35FS.
b Bland-Altman analysis with x-axis equal to the mean of PFS and y-axis equal to the difference between each score and the mean of PFS; absolute error was calculated at the median value of the mean of PFS.
Comprehensive Geriatric Assessment with model B (Table 5 and Figure 2 ). Both FS belong to the "accumulation of deficits" model. (Table 5 ). Both FS belonged to the "multidimensional" model (Table 5 and Figure 3 ). Web Figures 2-4 show results from the same analysis as Figures 1-3 , grouped according to the stated target population. Web Figures 5-11 are heat maps of κ values stratified by sex, age, and smoking status. Plots of model B are shown in the Web Appendix.
DISCUSSION
We studied the cross-sectional agreement between 35 FS in an elderly population and found a wide range of agreement.
Out of 595 pairs of scores, almost 90% had a κ value under 0.6. Our results, based on both traditional and modified BlandAltman models, indicated that FS belonging to the "accumulation of deficits" model with many variables had higher median agreement (Figure 1 ) and narrower prediction intervals ( Figure 2 ) and that FS belonging to the "multidimensional" model had lower absolute errors (Figure 3) . Our results support our initial hypothesis that different FS classify different subsets of the population as frail.
Using the published cutoff values for each frailty score, we found very wide variation in the prevalence of frailty, as previously reported by others (12, (54) (55) (56) . Scores that define solely frail and nonfrail categories generally yielded a higher frailty prevalence than scores that also define an intermediate "prefrail" state. Even though some variation is to be expected due to the fact that scores have been developed according to different underlying concepts of frailty, our finding of a 70-fold difference between the highest prevalences (Short Physical Performance Battery: 65.0% in men and 72.4% in women) and the lowest prevalences (Zutphen Elderly Study (Physical Activity and Low BMI): 0.8% in men and 1.0% in women) indicates that published estimates of frailty prevalence, and consequently our insight into the magnitude of the frailty problem, is dependent to an overwhelming degree on the chosen instrument and cutoff level. Comparisons with prevalence estimates from other populations, such as those published in 2012 in a systematic review (55) , therefore need to be undertaken with caution and preferably only between studies using the same instrument.
Our findings also highlight that the general recommendation that scores and their cutoff levels be recalibrated (by modification of the weights attached to each item and/or revision of the optimal cutoff level) before being applied outside their original population is highly applicable and important in the field of frailty. When we regarded FS on a continuous scale from 0 to 1, the between-score variation was still large but less pronounced (a 2.7-fold difference in mean frailty score between the highest (0.35) and the lowest (0.13) scores). This indicates that the problem of the wide divergence in prevalence estimates is due firstly to lack of generalizability of cutoff values across different populations and secondly to different characteristics of the scores themselves. The lack of a uniform understanding of what constitutes frailty is ultimately what underlies the large number of different scores used to measure it and the resulting issues that arise when attempting to compare results.
Given the outlined issues with the use of published cutoff levels, we focused our study of agreement on identification of the 20% of individuals who are the most frail. We found that in some cases agreement was as low as 0.1 (10%), which, with a prevalence of 0.2, means that approximately 30% of individuals would be classified differently. The highest agreement (0.83 or 83%) translates to about 6% of individuals being classified differently, at the predefined prevalence of 0.2. Only 11.3% of pairs of scores had a κ value of 0.6 or higher, indicating that only a small minority of score pairs would identify the same individuals as being frail with an acceptable level of consistency. In clinical practice, these low levels of agreement would lead to the selection of largely different people for further examination or treatment, depending on which tool was implemented.
As a summary measure of agreement, κ has the disadvantage of valuing correct classification of the presence or absence of the condition in equal measure. Judgement of whether or not this is appropriate will depend on the context in which a score is used. If it is used as part of a sequence of screening steps, sensitivity is likely to be more important than specificity, while if the score is used to guide treatment initiation, specificity will be equally important. Additionally, in a research context, this measure depends on the prevalence of the condition (with a very low prevalence, κ will be very low, even with high agreement between raters) (57) .
We examined agreement across the entire spectrum of frailty based on both traditional and modified Bland-Altman analyses. Traditional pairwise Bland-Altman models regard the mean of each pair of measures as an indicator of the "true" value. In our modified Bland-Altman models, we calculated the M35FS to generate a global indicator of the "true" level of frailty. Although use of the M35FS as a proxy for the "true" level of frailty involves making a number of assumptions, such as assigning equal importance to each of the studied scores, we feel that this approach best captures the agreement between each score and the global level of frailty in the absence of an accepted gold standard. The complementary pairwise analyses based on traditional Bland-Altman models largely confirmed the finding of better agreement for FS with numerous variables and lower error for FS from the multidimensional model category (Table 5) .
Several scores tended to progressively under-or overestimate frailty at higher levels of "true" frailty, indicating that they would require recalibration not only of the distribution or cutoff level but also of the relative weight attached to each underlying variable to avoid producing biased frailty estimates in the ELSA population. Several scores showed remarkably wide prediction intervals, indicating a poor capacity to accurately assess the "true" level of frailty.
The narrowest prediction intervals were observed for the FS from the "accumulation of deficits" model category, which were also the FS with the best agreement across all score pairs based on κ values. In general, scores based on a larger number of variables tended to have narrower prediction intervals and higher overall agreement, but with a certain degree of underestimation in the higher frailty ranges. Scores that were multidimensional tended to have less error at the median point of frailty.
While features such as accuracy, overall agreement, and bias are important considerations guiding a choice of score for research or clinical practice, practical feasibility is likely to be as important. Although we observed the highest overall agreement between scores derived from numerous variables, these scores may be difficult to implement in practice due to the high demands on time, expertise, and equipment required to obtain a valid and complete set of the necessary data. When we categorized our results by the intended setting (clinical or community-based) in supplementary analyses, we observed similar variability in agreement both within and between these 2 kinds of settings (Web Figures 2 and 3) . Which score strikes the optimal balance between feasibility and performance is likely to be different in each situation. Our results may help guide these decisions.
The main strengths of the present study are that we analyzed agreement between the most comprehensive list of FS examined to date in a large sample representative of an elderly general population, based on data including self-reported and objective measures of determinants and characteristics of frailty. We applied 3 different approaches to the study of agreement, finding broadly consistent results. In addition, we applied multiple imputation, using a state-of-the art method.
The main limitation of our study is that in the absence of an external gold standard, our analyses of agreement between the continuous scores depended on an internal proxy for "true" frailty, defined either specifically for each pair of scores or globally as the M35FS. Our adaptation of some scores to the data available in ELSA may have led to some degree of distortion in comparison with the original score definition. However, this affected only a minority of scores and is unlikely to have determined our main findings. Finally, due to the cross-sectional design of the present analysis, we cannot draw conclusions regarding dynamic features of the scores (such as longitudinal stability) or about other aspects (such as external validity) with regard to frailty outcomes.
Our comparative study of different features of agreement in a wide set of published FS showed marked heterogeneity in the degree to which various FS over-/underestimate frailty and agree on the identification of particular individuals as frail. Different scores are based on different concepts of frailty, and most pairs cannot be assumed to be interchangeable. Research results based on different scores cannot be compared, pooled, or summarized directly. Our results support a multidimensional concept of frailty that includes many variables.
